Abstract
INTRODUCTION
Gastrointestinal (GI) motility and pancreatic exocrine secretion are mutually regulated in concert. For example, the cyclical nature of interdigestive pancreatic secretion was synchronized with the periodic activity of migratory motor complex (MMC) [1.2] . Chronic pancreatitis (CP) offers an ideal model to study whether severely damaged pancreatic parenchyma in turn leads to disturbed gastric or intestinal motor function. To the authors' knowledge, a few studies have been conducted to address this probable influence, with controversial results regarding the GI motility in CP patients. For instance, MMC of the stomach or the small intestine remained unchanged either in a canine model of total pancreatomy or in CP patients [3, 4] . On the other hand, gastric emptying was accelerated in CP patients [5] [6] [7] . Interestingly, pancreatic enzyme replacement was found to restore this enhanced gastric emptying in CP patients [6] . However, other investigators found that the fractional gastric emptying rate (volume emptied into duodenum divided by gastric volume) remained eventually unchanged after the correction for gastric emptying [8] . Stomach myoelectricity or slow wave, which is omnipresent with a regular rhythm of about 3 cycles/min (cpm), can be recorded by abdominal surface electrodes, a technique called electrogastrography (EGG). Abnormal gastric rhythm recorded from EGG was suggestive of an impaired gastric pacemaker setting which usually determines the timing and maximum rate of gastric contractions [9] [10] [11] . EGG itself is a non-invasive and simple measure for the assessment of stomach myoelectrical rhythm in physiological or pathological situation. It has been shown that abnormal stomach rhythm exists in early pregnancy with nausea, motion sickness, diabetic gastroparesis, etc [12] [13] [14] . Even patients with stomach cancer manifested abnormal rhythm of slow waves [15] . While there is a mutual relationship between GI motility and pancreatic exocrine function, it is unknown whether CP patients have stomach dysrhythmia. Thus, the aim of the present study was to evaluate the gastric myoelectricity in CP patients and to determine whether pancreatic enzyme replacement could restore some EGG parameters if abnormal gastric myoelectricity did exist.
MATERIALS AND METHODS

Study subjects
This protocol was approved by the Institutional Ethics Committee. After given informed written consent, 20 healthy volunteers (16M/4F, 56.8±17.6 years, range: 30-80) and 20 consecutive CP patients (17M/3F, 57.4±14.5 years, range: 28-84) were invited to participate in the study. None of the control subjects had any history of either acute or chronic pancreatitis. Nor did they have any dyspeptic symptoms. Similar to previous reports, the diagnosis of CP was established by a typical clinical history and imaging characteristic abnormalities on ultrasonography, computed tomography, and endoscopic retrograde cholangiopancreaticography in all patients [3, 7] . CP history could be traced back to 1-10 years ago. Etiological factors for CP included alcohol consumption in 18 patients and idiopathic in 2. Four patients had obvious diabetes and were well controlled by an oral hypoglycemic agent. None of the enrolled CP patients had any evidence of autonomic neuropathy or other major extrapancreatic alcoholic or diabetic complications. The exclusion criteria for this study were shown in the followings: pregnancy, concurrent malignancy, motion sickness, anorexia nervosa, diabetes of non-CP etiology, connective tissue diseases, gastric/duodenal ulcer and its complications, and history of chronic renal disease or surgical operations on the upper gastrointestinal tract.
The objective scale of dyspeptic symptoms of all studied subjects was assessed according to a standard protocol. Dyspeptic symptoms in CP patients were questioned at the time when he/she had quitted from pancreatic enzyme treatment for at least one week. The dyspeptic symptoms, including nausea, vomiting, anorexia, epigastric pain, epigastric fullness and early satiety, were questioned and scaled according to the following severity scale: grade 0 = not present; 1 = mild, occasional, slightly affecting daily activities; 2 = moderate, often affecting daily activities; 3 = severe, very often, with strong impact on concentration and daily activities [9] .
Study protocol and EGG recording
EGG recording was performed in all subjects in the morning at 9:00 after an overnight fast. All the drugs that could influence the gastrointestinal motility, like prokinetics, anticholinergics, calcium channel blockers, were discontinued at least one day before the trial. Two experiments were carried out. In experiment 1, EGG was recorded in both control and CP patients. The CP patients were asked to stop pancreatic enzyme supplements at least 3 d before the EGG study. In experiment 2, the CP patients underwent two EGG recording sessions on two separate days in a random order, one session with placebo and the other with pancreatic enzyme supplement (Panzynorm® 2 tablets, each tablet containing amylase 9 000 units, proteases 500 units, lipase, Nordmark Arzneimittel GmbH & Co. KG, Uretersen, Germany). Replacements were given to the CP patients together with the test meal. During EGG recording, the subject was in a supine position and asked not to move, fall asleep or talk throughout the entire measurement. Abdominal skin was cleaned and gently scrubbed until redness appeared to reduce the skin-electrode impedance. Four pairs of silver-silver chloride electrodes filled with electrode jelly (Red Dot-2237, 3M, St. Paul, MN, USA) were placed on the examined area as previously described [9] . After 30 min of basal fasting recording, the studied individual was asked to consume a standard test meal, which included 250-mL milk and a piece of cake (347 kcal, carbohydrate 51 g, protein 13.2 g, and fat 10 g). A 30-min postprandial recording was then resumed. All EGG recordings were coded, and the investigator who performed quantitative analysis was blinded to the nature of EGG recording.
EGG system
Our homemade EGG system included a signal acquisition device, a notebook PC (Pentium 166 MHz), and a power supply and electrodes [9] . Recorded signals were initially pre-amplified with an instrumental amplifier. A 4th order active high-pass filter with a cut-off frequency of 0.01 Hz and another 4th order active low-pass filter with a cut-off frequency of 0.5 Hz were installed to filter out unnecessary noises, such as the heartbeat. A 2.0 Hz precision clock source was designed to provide a stable 1 Hz sampling rate. An AT89C52 (Atmel, San Jose, CA, USA) microprocessor chip was installed, and interrupted by the precision clock. The microprocessor obtained recorded signals via a 12-bit analog/digital converter card, while the analog multiplexer processed the EGG signals. Finally, the digitized signals were transmitted to the PC via a RS-232 interface for on-line operation and further analysis. The EGG data stored on the PC were analyzed by using custom-made software as described in our previous publication [9, 10] . The following EGG parameters were then obtained and calculated.
EGG dominant frequency and power
The frequency at which the overall power spectrum of an entire EGG recording displayed a peak power in the range of 1.0-9.0 cpm, was defined as the EGG dominant frequency (DF) [12] . The DF of EGG was shown to be equal to the frequency of the gastric slow wave measured from implanted serosal electrodes [16] . It was computed by using the smoothed power spectral analysis method [17] . Smoothed power spectral analysis was used to produce the overall power spectrum of EGG during each recording period, which was 30 min in the fasting state and 30 min after the test meal. The power at the DF in EGG power spectrum was defined as the EGG dominant power (DP) [12] . Previous studies showed that the relative change in EGG dominant power reflected gastric contractility [16] [17] [18] . The decibel (dB) unit was used to represent the power of EGG. With an assumption that a sinusoidal signal had an amplitude of A, power P in dB was expressed as P(dB) = 10×log 10 (A 2 ) [12] .
Percent of normal 2-4 cpm slow wave
The percent of regular 2-4 cpm gastric slow wave, which reflected the regularity of gastric myoelectrical activity, was defined as the percentage of time during which normal 2-4 cpm slow waves were present over the entire observation period. This was computed by using the adaptive running spectral analysis method [19] . Each EGG recording was divided into blocks of 1 min without overlap. The power spectrum of each 1-min EGG was calculated and examined to see if the peak power was within the range of 2-4 cpm. The 1-min EGG was defined as normal if the DP was within the 2-4 cpm range. Otherwise, it was defined as dysrhythmia.
Statistical analysis
All data were presented as mean±SE. Student's t test was used for statistical analysis wherever it was considered appropriate. A P value <0.05 was considered statistically significant.
RESULTS
In our study, mild dyspepsia was encountered in the CP patients, whereas no dyspeptic symptoms were noted in the healthy controls (Total symptom score in CP patients vs healthy controls: 3.25±0.37 vs 0, P<0.05).
In experiment 1, no significant difference was found in the fasting EGG parameters between controls and CP patients. For example, the DF of EGG in the fasting state was similar between controls and CP patients (3.01±0.06 vs 3.03±0.07 cpm, P>0.05). Regarding slow wave power, the fasting DPs were also not different between controls and CP patients (38.5±0.8 vs 41.4±1.3 dB, P>0.05). For the regularity of gastric slow waves in the fasting state, there was also no difference in the percentage of normal rhythm (2-4 cpm) between CP patients and controls (63.9±5.0 vs 70.0±3.1%, P>0.05).
In contrast to the fasting state, some differences did exist in the postprandial EGG parameters between controls and CP patients ( Figure 1A) In experiment 2, we demonstrated that supplement of pancreatic enzyme could reverse the impaired EGG parameters toward normal ( Figure 1B) . The postprandial increase in the DF of EGG was observed in CP patients receiving pancreatic enzyme replacement (3.25±0.07 vs 3.08±0.07 cpm, P<0.05), but not in placebo group (3.05±0.08 vs 3.10±0.06 cpm, P<0.05). The postprandial increment of DP was also significanly higher (4.76±1.02 vs 2.53±1.20 dB, P<0.05) in pancreatic enzyme replacement group than in placebo group. The postprandial value of normal percentage of 2-4 cpm in CP patients significantly increased (64.8±5.7 vs 74.4 ±2.8 %, P<0.05) in the group with pancreatic enzyme supplement. The EGG response in a typical CP patient receiving either placebo or pancreatic enzyme supplement is shown in Figure 2 .
DISCUSSION
To the best of our knowledge, there are no similar studies in the literature addressing the impairment of gastric myoelectricity in CP patients. Our study indicates that CP patients had impaired postprandial slow waves or impaired responses to the test meal and these impaired postprandial gastric myoelectrical parameters could be restored with replacement of pancreatic enzymes.
In the fasting state, exocrine pancreatic secretion fluctuated cyclically and closely coordinated with the gastrointestinal migrating motor complex [20, 21] . It is debatable why pancreatic secretion should act in such a fluctuated manner. A few studies have been conducted to address this mystery. In a canine model of total pancreactomy, Malfertheiner et al. found no change in the normal interdigestive gastroduodenal motility pattern after surgical operation [4] . Similarly, Pieramico et al. did not observe any changes in the interdigestive motility of CP patients when compared with controls [3] . No study has previously been performed to evaluate the interdigestive and postprandial gastric myoelectrical activity in CP patients. We did not find any difference in recorded fasting DFs and DPs between CP patients and controls. Our observations may imply that the regularity and amplitude of the interdigestive stomach slow wave in CP patients remain intact despite pancreatic enzyme deficiency. Previous studies and our current data seem to suggest that pancreatic enzymes themselves do not have a major physiological role in the regulation of interdigestive or fasting gastric motility and myoelectrical activity.
It is interesting to know whether the postprandial motility in CP patients also remained unaltered. Gastric emptying was reported to be accelerated in patients with pancreatic insufficiency [6] , but this acceleration was not confirmed in a subsequent study when gastric emptying rate was corrected to gastric volume output [8] . Furthermore, postprandial antral motility was reported unchanged [3] . In contrast, Vu et al. found that the duration of postprandial antroduodenal motor pattern was prolonged in CP patients [22] , while the recorded antral motor index of CP patients was reduced in the first hour after meal ingestion. Impaired EGG parameters of DF, regularity of rhythm and DP were reported to be associated with poor stomach motility including gastric emptying and antral contractility [12] . Our data of impaired postprandial EGG parameters are partly in accordance with Vu's observation of impaired postprandial antral motility.
It is unclear why CP patients had impaired postprandial stomach myoelectricity. It has been well established that the integrity of gastrointestinal motility depends on the final coordination between many neural, myogenic and hormonal factors [23, 24] . Actually, CP patients with impaired exocrine function also had altered gut hormone release. For instance, the postprandial plasma level of cholecystokinin (CCK) was decreased in patients with pancreaticenzyme insufficiency [23] .
Chen et al. indicated that intravenous infusion of CCK in the physiological dose decreased the postprandial EGG amplitude of normal humans, but did not change the frequency and regularity of stomach slow wave [25] . Hence, it seems unlikely that impairment of the gastric myoelectrical activity we observed in CP patients could be attributed to CCK. On the other hand, the postprandial plasma level of a distal gut hormone-peptide YY (PYY) increased in CP patients [22] . This peptide is usually stored in the distal gut mucosa with the highest concentration and it behaves as one of the mediators functioning as the so called ileal-brake [26] [27] [28] . In fact, there are no available data regarding the impact of PYY on gastric myoelectricity. However, PYY infusion delayed gastric emptying and small intestinal transit in a dose-dependent manner in humans [28] . Interestingly, elevated postprandial level of PYY in CP patients was found to be able to return to normal after pancreatic enzyme supplement [22] . This observation was somewhat similar to our finding of restored abnormal postprandial EGG parameters after pancreatic enzyme supplement. It seems possible that the functioning PYY was one of the factors contributing to the abnormal postprandial stomach myoelectricity in CP patients.
Our study suggested that abnormal postprandial EGG parameters could be reversed to normal with pancreatic enzyme supplement. In addition, EGG parameters in CP patients could be impaired only in the postprandial state but not in the fasting state. All these observations suggest that the exocrine deficiency and subsequent maldigestion appeared responsible for the impaired gastric myoelectrical activity. Some previous studies also indicated that impaired GI motility could be restored after pancreatic enzyme supplement in CP patients [7, 22] . Accordingly, it is likely that maldigestion might also act as one of the factors leading to abnormal antroduodenal motility in CP patients.
It may be argued that the disturbed gastric myoelectrical activity in CP patients observed in the present study might be attributed to diabetic autonomic neuropathy. Should this be the case, abnormalities would have been noted in both fasting and fed states as reported in a previous study, instead of abnormalities only in the fed state as shown in the current study. In addition, the blood glucose levels of the studied CP patients were well controlled, and there was no evidence of autonomic dysfunction in any of the enrolled CP patients. Finally, enzyme supplementation partially reversed the abnormal EGG parameters in CP patients. Consequently, we believe that the mechanism underlying impaired postprandial gastric myoelectrical activity may be the maldigestion rather than the pre-existing CP-elicited diabetes.
In conclusion, CP patients have normal fasting but abnormal postprandial gastric myoelectricity. The impairment involves DF and DP as well as percentage of normal gastric slow waves. These impairments can be restored with pancreatic enzyme replacement. Maldigestion is the likely factor leading to abnormal postprandial stomach myoelectricity in CP patients. 
